Objective: There are few data on the role of liver dysfunction in patients with end-stage heart failure supported by mechanical circulatory support. The aim of our study was to investigate predictors for acute liver failure in patients with end-stage heart failure undergoing mechanical circulatory support.
The number of patients requiring mechanical circulatory support (MCS) is increasing rapidly and consistently despite ongoing advances in the medical management of end-stage heart failure (HF). 1 MCS, by extracorporeal membrane oxygenation (ECMO) or ventricular assist devices, has become a mainstay of management strategy for patients with end-stage HF. 2, 3 Consequently, there is an increasing proportion of patients being considered for MCS who may have underlying renal or hepatic dysfunction. [2] [3] [4] [5] After stabilization of hemodynamics and restoration of sufficient cardiac output by MCS, preexisting concomitant multiorgan dysfunction often is associated with poor outcome and limiting the full potential that MCS therapies has to offer. 1, 2 The cardiorenal syndrome, affecting one third of patients with decompensated HF, has been intensely investigated, and strategies such as ultrafiltration have been suggested to slow down the progression of HF. 5, 6 Recent prospective randomized data have questioned the efficacy of ultrafiltration. To the contrary, a higher rate of severe adverse events has been associated with its use compared with diuretic therapy alone. 7 The role of the liver in acute and chronic HF has not been systematically investigated, probably because of complex dual blood supply, and irreversible liver damage may be the result of both ''backward'' congestion and ''antegrade'' ischemic mechanism. 8, 9 Development of acute liver failure (ALF) in patients with acute and chronic HF is a frequently observed complication after implementation of MCS, and currently there is a lack of clinical data and evidence to indicate ''point of no return'' when irreversible liver failure develops. The aim of the current investigation was to identify independent risk factors for ALF in patients with end-stage HF in American College of Cardiology/American Heart Association stage D undergoing MCS.
MATERIALS AND METHODS
All consecutive patients, aged 12 years or older, who were admitted to our department from 2000 to 2016, and who received MCS by venoarterial ECMO as first-line treatment for acute or chronic HF in New York Heart Association functional class IV and American College of Cardiology/ American Heart Association stage D constituted the study population.
Inclusion criteria were all forms of cardiogenic shock in patients not being connected to MCS devices or extracorporeal circulation before.
Exclusion criteria were ''postcardiotomy'' failure, that is, patients receiving ECMO or ventricular assist device as a result of failure to separate from cardiopulmonary bypass or postcardiac surgery HF within 1 month (n ¼ 202 patients) and patients with hypothermic cardiac arrest undergoing ECMO-assisted resuscitation (n ¼ 45 patients). In addition, patients receiving venovenous ECMO for respiratory failure alone were excluded (n ¼ 101 patients). Video 1 shows open surgical implementation of femoral extracorporeal membrane oxygenation.
The cause of HF was defined as ischemic, either chronic ischemic cardiomyopathy or acute ischemic HF with cardiogenic shock and nonischemic cardiac failure (chronic dilative cardiomyopathy, hypertrophic cardiomyopathy, or acute myocarditis).
The cause, duration, history, and number of decompensation events of patients with HF were documented and classified. Hemodynamic and laboratory parameters were assessed after the patient was taken to the operating room immediately before heparinization and the onset of venoarterial ECMO flow. The study was approved by the local institutional review board.
King's College Criteria
The King's College Criteria were used to define the primary end point of development of ALF during MCS. 10 These criteria were devised in 1989 to determine early indices of poor prognosis in patients with acetaminopheninduced and nonacetaminophen-induced ALF. For this study, the criteria of nonacetaminophen-induced ALF were used to determine the primary VIDEO outcome of this study. Currently, there is no specific definition for cardiacrelated ALF available. Therefore, the King's College criteria were adopted to indicate ALF development after initiation of MCS. ALF was defined as spontaneous international normalized ratio (INR) greater than 6.5 or at least 3 of the following criteria:
1. patient age less than 11 years or more than 40 years; 2. serum creatinine greater than 3.4 mg/dL or new institution of ultrafiltration/hemodialysis; 3. time from onset of jaundice to the development of coma of more than 7 days; 4. spontaneous INR more than 3.5; 5. drug toxicity, regardless of whether it was the cause of ALF; 6. serum bilirubin greater than 300 mm/L (>17.6 mg/dL); 7. presence of coagulopathy.
Statistical Analysis
The development of ALF during mechanical bridging served as the primary end point of our study. Data are shown as mean AE standard deviation or median (range) for continuous variables and absolute numbers, as well as percentages for categoric variables.
Survival of the patients was displayed using a Kaplan-Meier survival plot together with log-rank testing. In a first step, possible associations of ALF with clinical, hemodynamic, and laboratory parameters at the time of mechanical bridging onset together with a history of HF were assessed by means of univariate analysis. To test for univariate differences in categoric variables, the Pearson chi-square test or Fisher exact test where appropriate was applied. Continuous variables were tested with the Student t test or Mann-Whitney U test (if assumption of a Gaussian distribution was not fulfilled).
In a second step, multivariable logistic regression analysis was performed to identify independent predictors for the development of ALF. The relative risk (RR) and 95% confidence intervals (CIs) were determined. The selection of variables was based on univariate comparisons (entry criteria P < .05) and inclusion of clinically relevant variables to create the model of logistic regression. The Wald statistic was used to assess the strength of the association of risk factors relative to other risk factors.
Finally, we performed receiver operating characteristic analysis to identify cutoff values for liver-specific predictors together with corresponding sensitivity and specificity. Data documentation and statistical analysis were performed with SPSS statistical software version 20.0 (IBM SPPS Inc, New York, NY).
RESULTS
A total of 164 patients with end-stage HF fulfilled the inclusion criteria of our study; of them, 45 patients (27.4%) developed ALF during MCS. In-hospital mortality was significantly higher among patients developing ALF during mechanical bridging therapy (35.3% vs 88.9%, P <.001). Table 1 displays the demographic characteristics of patients undergoing mechanical bridging stratified for ALF. Patients were comparable in terms of gender, age, body mass index, or the cause of HF. However, patients developing ALF showed a higher rate of previous repeated cardiac decompensation events compared with patients without ALF (P ¼ .001). Patients with ALF had significantly higher creatinine levels (1.4 AE 0.8 mg/dL vs 1.9 AE 0.76 mg/dL, P <.001), had a higher rate of previous episode of renal failure (0.8% vs 24.4%, P <.001), and were significantly more likely to be undergoing hemofiltration at the onset of MCS (6.7% vs 68.9%, P < .001). Furthermore, atrial fibrillation at the time of MCS onset was more prevalent in patients developing ALF (12.6% vs 37.8%, P <.001). Table 2 shows the hemodynamic and laboratory parameters of the study population immediately before the implementation of MCS.
Patients developing ALF demonstrated lower pH (7.35 AE 0.10 vs 7.27 AE 0.13, P ¼ .001), higher lactate (42.9 AE 41.7 mg/dL vs 69.8 AE 49.2 mg/dL, P < .001), and significantly elevated total bilirubin levels (1.4 AE 1.2 mg/dL vs 4.0 AE 3.7 mg/dL, P<.001). Cholinesterase (4.54 AE 1.81 mg/dL vs 2.62 AE 1.32 mg/dL, P<.001) and antithrombin III activity (75.1% AE 14.8% vs 51.8% AE 10.4%, P <.001) were significantly lower in patients developing subsequent ALF. Spontaneous INR was higher in patients developing ALF (1.36 AE 0.31 vs 1.74 AE 0.60, P <.001). In addition, calculated Model for End-Stage Liver Disease (MELD) scores were significantly higher in patients developing later ALF (12.0 AE 4.0 vs 24.4 AE 6.7; P <.001).
Moreover, patients developing ALF showed higher mean pulmonary pressure (29.3 AE 9.9 mm Hg vs 33.1 AE 10.4 mm Hg, P ¼ .042) and significantly lower mean arterial pressure (67.0 AE 12.0 mm Hg vs 61.1 AE 11.9 mm Hg, P ¼ .005). There were no statistical differences between central venous pressures and pulmonary capillary wedge pressures at the time of mechanical bridging initiation. The use and dosage of vasopressors were similar among both groups. The use of inotropes before bridging was more frequent in patients with latter development of ALF (57.1% vs 80.0%, P ¼ .007). Table 3 shows the result of the multivariable statistical analysis. Hemodynamic parameters at the time of MCS onset were not associated with the development of ALF, nor the use of inotropic medication. Renal failure with the need for hemofiltration before MCS was a strong independent predictor for subsequent ALF (Wald, 4.7; RR, 8.6; 95% CI, 1.2-61.2, P ¼ .031). Furthermore, a history of repeated cardiac decompensation events (Wald, 4.0; RR, 6.7; 95% CI, 1.1-43.0; P ¼ .046) was associated with ALF.
However, decreased antithrombin III activity (Wald: 11.8, RR per %: 0.84, 95% CI, 0.77-0.93, P ¼ .001) was the strongest independent parameter for the development of ALF during MCS. Other hemodynamic and laboratory parameters failed to show statistically significant influence for ALF. Table 4 displays the result of the multivariate regression analysis including the MELD score instead of its components. Again, antithrombin III remained an independent clinical parameter for the development of ALF in addition to the MELD score.
Furthermore, because antithrombin III turned out to be the most predictive single measure for ALF, receiver operating characteristic analysis was performed to obtain cutoff levels for these predictors and evaluate the sensitivity and specificity of this parameter as an early indicator for ALF. In addition, this analysis was performed for the MELD score. Antithrombin III activity levels of 59.5% or less were identified as cutoff values to predict an increased risk for ALF (RR, 9.8; 95% CI, 5.1-20.3; P<.001). Corresponding sensitivity was 81% (95% CI, 0.67-0.91) and specificity of 87% (95% CI, 0.80-0.93) with a positive predictive value of 72%.
A MELD score greater than 17 at MCS onset was associated with 88.9% sensitivity (95% CI, 0.76-0.96) and 93.3% specificity (95% CI, 0.87-0.97) with a positive predictive value of 83.3%.
As a consequence, Kaplan-Meier analysis was performed to obtain the long-term survival of patients with end-stage HF stratified for antithrombin III cutoff levels ( Figure 1 ). Actuarial survival at 1, 5, and 10 years after MCS onset was 20%, 15%, and 15% in patients with HF with antithrombin levels less than 60% and 61.1%, 58.9%, and 54.9%, respectively, in patients with antithrombin activity of at least 60% at baseline (log-rank: P <.001). Figure 2 displays the survival plot for patients with MELD scores of less than and greater than 17.
DISCUSSION
The results of our study clearly demonstrate that antithrombin III is a strong independent prognostic single measure to predict hepatic functional reserve in patients with end-stage HF resistant to conservative medical treatment. Bold indicates that patients who developed ALF were significantly more likely to have repeated decompensation events, higher creatinine levels, previous renal failure, and atrial fibrillation at mechanical circulatory support onset. ALF, Acute liver failure; SD, standard deviation; BMI, body mass index; HF, heart failure; PCI, percutaneous coronary intervention; ICD, implantable cardioverter defibrillator; CRT, cardiac resynchronization therapy; ECMO, extracorporeal membrane oxygenation. Moreover, antithrombin III remained a strong clinical parameter in addition to the MELD score and indicates clinical relevance to traditionally thought liver parameters such as bilirubin. In addition, the need for hemofiltration at MCS onset and a history of repeated episodes of cardiac decompensation were further associated with increased risk for development of ALF. Antithrombin III is entirely produced by hepatocytes and plays a key role as an endogenous antithrombotic agent of coagulation by the inhibition of thrombin, a central procoagulatory factor with pleiotropic effect. Therefore, monitoring of antithrombin III activity is of exceptional importance in the setting of extracorporeal circulation.
Antithrombin III is a well-described predictive parameter for postoperative hepatic failure in patients undergoing liver resection. Mizuguchi and colleagues 11 showed among 158 patients with hepatocellular carcinoma undergoing liver resection that antithrombin III was the most reliable parameter to monitor hepatic functional reserve and showed higher predictive accuracy than dynamic functional testing, such as indocyanine green retention rate. Another study proposed that diminishing antithrombin III activity was associated with impaired microcirculation within the liver and that this might be a further explanation for ''backward congestion'' and ''forward ischemia'' of the hepatic parenchyma. 12, 13 Antithrombin III also plays an important role in the prevention of apoptosis and ischemia-induced inflammatory response. 14 In an in vivo ischemia-reperfusion model in rats, treatment with antithrombin III via the portal vein was associated with significantly reduced apoptosis and inflammation. 13 Ostrovski and colleagues 13 examined leucocyte rolling in a feline mesentery ischemia-reperfusion model and antithrombin III administration before ischemia reduced neutrophil rolling and adhesion during reperfusion and reduced vascular permeability by 50%. Because antithrombin III could rapidly reverse thrombin-induced but not histamine-induced leucocyte rolling in human endothelium, it seems to have major potential to reduce systemic inflammatory response syndrome (SIRS) induced by MCS.
SIRS is a sepsis-like clinical activation of the immune system and is typical for end-stage prolonged cardiogenic shock. Antithrombin III levels are independent predictors Bold indicates that repeated decompensation events, renal replacement therapy, and antithrombine III were independent predictors for the development of acute liver failure. RR, Rate ratio; CI, confidence interval. of outcome in patients with SIRS, and its depletion is an early marker for the development. 15 As a consequence, antithrombin III is a highly specific and sensitive marker not only for liver synthesis but also for SIRS.
Liver failure, as a consequence of HF, may be a consequence of chronic passive congestion and results in cardiac cirrhosis from prolonged congestive HF. 16, 17 However, the pathophysiology of ischemic hepatitis resulting from acute ''forward'' failure and low cardiac output is poorly understood and has attained little clinical interest in the setting of HF. 18 Moreover, it is widely believed that ischemic hepatitis is a self-limiting disease resolving after causative treatment of HF.
The results of our study showed that this widely accepted paradigm has to be abandoned in patients with severe HF and cardiogenic shock supported with mechanical devices. Development of profound ALF was similar in patients with acute and chronic HF and in patients with cardiogenic shock after acute myocardial infarction.
Repeated cardiac decompensation was an independent predictor for the development of ALF, but serum aminotransferase levels have shown no value as a clinical instrument to detect or quantify the extent of preexisting liver damage in patients with end-stage HF. 19, 20 In patients with chronic congestive liver fibrosis and repeated decompensation events, the interpretation of aminotransferases might wrongly underestimate the amount of exact liver damage because of the limited number of vital hepatocytes ''at risk.'' More sensitive parameters, such as antithrombin III, bilirubin, and cholinesterase, should be looked at rather than isolated observation of aminotransferases to predict ALF. 20 Aminotransferase levels alone may not be sufficient to discriminate between preexisting hepatic damage and amount of hepatic deterioration caused by acute cardiac decompensation. 11, 20 In a clinical setting among 2198 patients undergoing aortic valve replacement, preoperative antithrombin III was a strong independent predictor of 30-day and 3-month mortality, and the conclusion was that low antithrombin III levels might be an indicator for thromboembolic complications. 21 In our study, markers such as bilirubin failed to show significant prediction for ALF. In the Candesartan in Heart Failure: Assessment of Reduction in Mortality and Morbidity study, however, total bilirubin was the strongest predictor of adverse outcome instead of aminotransferases. 22 However, the Candesartan in Heart Failure: Assessment of Reduction in Mortality and Morbidity study did not include measurements of cholinesterase and antithrombin III.
Our study, together with previous findings from patients with cirrhosis of noncardiac origin, [11] [12] [13] found that the measurement of antithrombin III might be of higher predictive value than the monitoring of prothrombin. We have clearly shown that antithrombin III is a potent, FIGURE 1. Kaplan-Meier survival analysis and corresponding 95% CI of patients with end-stage HF undergoing MCS stratified for antithrombin cutoff levels. Group 1: antithrombin III levels 60% or more (blue lines). Group II: antithrombin III activity less than 60% at baseline (green lines). Log-rank: P <.001. highly sensitive and specific marker to predict ALF and SIRS in severe HF. MCS for patients with severe HF provides reasonable survival in patients with absence of or only mild multiorgan dysfunction. 2, 3, 23 In patients with cardiogenic shock and preexisting severe deterioration of hepatic function, however, outcome after MCS is still poor. The ''treat the heart, don't mind the kidney'' policy in cardiorenal syndrome, however, is not applicable for the liver, and timely MCS or cardiac transplantation is the only salvage strategy to prevent ALF. 24 To prevent ALF in patients undergoing MCS, we recommend serial antithrombin III measurement as standard of care in patients with decompensated HF, and attention should be paid to beginning depletion. Our results provide relevant clinical cutoffs for antithrombin III and the MELD score to indicate irreversibility of liver damage even when the liver is decompressed by MCS.
Study Limitations
The study has several limitations inherent in a retrospective study. Thus, one can argue that missing covariates may have confounded some of the trends seen in the current study. We did not study the influence of postoperative anticoagulation, but we are confident that none of the patients received antithrombin III before MCS. Because of the rarity of MCS in patients with cardiogenic shock and the singlecenter analysis, the reduced power may account for insignificant trends. Because liver biopsies or elastographic evaluation was not performed before MCS, we cannot rule out preexisting liver damage at baseline in patients with chronic forms of HF. There is no specific definition for liver-inheart-failure available yet; therefore, we have adopted the widely accepted King's College Criteria to indicate profound ALF.
CONCLUSIONS
Antithrombin III is a potent and reliable marker to predict ALF in patients with end-stage HF and should be implemented as routine clinical measure in severely ill patients with HF to detect patients at risk for irreversible hepatic failure more early and avoid MCS in patients with no reasonable chance of survival. This assessment may help to decide the optimal timing of MCS to reduce the burden of consecutive ALF during MCS. For the future, we should investigate whether antithrombin III administration may have a benefit in patients with severe cardiac decompensation. Substantial liver dysfunction is still the main source of morbidity and mortality during MCS, and further studies are warranted to investigate the potential role of antithrombin III in more stable patients with HF.
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